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Abstract 

The  flooding,  especially  in  gas  diffusion  layer  (GDL),  is  one  of  the  critical  issues  to  put  PEMFC  to  practical  use.  However,  the  experimental 
data  of  the  flooding  in  GDL  is  so  insufficient  that  the  optimization  design  related  to  the  water  management  for  GDL  has  not  established.  In  this 
study  we  developed  a  method  to  estimate  the  water  saturation,  namely  the  ratio  of  liquid  water  to  pore  volume  in  GDL.  We  fabricated  a  simple 
interdigitated  cell  where  the  supply  gas  is  enforced  to  flow  under  rib.  This  structure  enables  to  estimate  the  liquid  water  ratio  in  GDL  by  the 
measurement  of  differential  pressure  through  the  cell.  We  operated  the  cell  and  measured  the  differential  pressure,  and  succeeded  in  estimating  the 
water  saturation,  which  changed  largely  with  changing  cell  operation  condition.  In  addition  to  this  deferential  pressure  measurement,  we  measured 
the  ionic  resistance  in  polymer  electrolyte  membrane  by  ac  impedance  method.  We  evaluated  and  discussed  the  influence  of  the  water  saturation 
on  cell  voltage. 

©  2007  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Water  management  is  one  of  key  issues  to  put  PEMFC  to 
practical  use.  When  polymer  electrolyte  membrane  (PEM)  is 
not  wet  enough  to  have  good  ionic  conductivity,  the  cell  voltage 
decreases.  So  feed  gases  are  humidified  to  prevent  PEM  from 
its  dryness.  On  the  other  hand,  flooding  emerges  in  cell  when 
the  humidification  of  feed  gases  is  excess.  Once  the  flooding 
happens,  it  blocks  gas  supply  to  catalyst  layer  and  makes  cell 
voltage  decrease  or  be  in  unstable,  and  then  electricity  generating 
will  stop  at  worse  case.  Thus  the  water  management  is  impor¬ 
tant  issue,  regarding  the  recent  trend  of  high-current  density 
operation  and  natural  air  breathing. 
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The  flooding  appears  in  every  segment  in  cell,  such  as  flow 
channel,  gas  diffusion  layer  (GDL)  and  catalyst  layer.  The  flood¬ 
ing  in  flow  channel  is  observed  with  visualization  cell,  in  which 
its  separator  consists  of  transparent  material  [1-5].  On  the  other 
hand  it  is  difficult  to  visualize  the  flooding  in  GDL  and  catalyst 
layer,  because  these  layer  has  micro-porous  structure  and  they 
are  made  with  carbon  material  characterized  as  opaque  material. 
The  only  way  to  observe  the  flooding  in  GDL  is  neutron-imaging 
technique,  which  is  recently  applied  to  the  fuel  cell  research  with 
large-scale  equipment  [6,7].  However,  this  technique  seems  to 
need  further  time  and  space  resolution.  Thus  the  adequate  way 
to  capture  the  flooding  in  GDL  has  not  been  established,  and 
this  situation  invites  insufficient  understanding  of  the  flooding 
in  GDL. 

Meanwhile  the  numerical  simulation  of  flooding  in  PEMFC 
has  been  progressed.  Based  on  the  multiphase  mixture  model 
[8,9],  a  lot  of  two-phase  flow  simulation  of  PEMFC  have  been 
reported:  a  simulation  which  turns  its  attention  especially  to 
cathode  channel  and  GDL  [10],  a  simulation  explicitly  consid¬ 
ering  catalytic  layer  [  1 1  ] ,  a  simulation  focused  on  the  GDL  under 


K.  Ito  et  at.  /  Journal  of  Power  Sources  175  (2008)  732-738 


733 


Nomenclature 

Agdl  cross-section  area  of  flow  in  GDL  (m2) 
do  representative  diameter  of  pore  in  GDL  (m) 

F  Faraday  constant,  96485  (Cmol-1) 
flnean  mean  current  density  (Am-2) 

K  permeability  (Pa) 

Kq  permeability  of  GDL  itself  (Pa) 

L  rib  length  as  shown  in  Fig.  1  (m) 

rii  number  of  electron  related  to  anode/cathode  reac¬ 
tion 

P  pressure  (Pa) 

A P  differential  pressure  (Pa) 

Q  flow  rate  specified  with  the  standard  tempera¬ 

ture  of  25  °C  and  the  pressure  of  0.101  MPa 
(NL  min-1) 

R  gas  constant,  8.3145  (J mol-1  K-1) 

s  water  saturation 

^electrode  electrode  area  (m2) 

T  temperature  (K) 

ud  Darcy  velocity  (ms-1) 

Greek  symbols 
s  Porosity 

rj  gas  utilization  ratio 

/ 1  viscosity  (Pa  s) 

Superscripts 

cloth  cloth  GDL 

paper  paper  GDL 


rib  [12],  a  simulation  for  transient  response  of  unit-cell  [13].  In 
addition,  there  is  a  review  article  on  fuel  cell  modeling  [14]. 

These  simulations  have  been  evaluated  by  the  comparison 
with  the  current-voltage  characteristics  measured.  However,  liq¬ 
uid  water  ratio  to  pore  volume  (water  saturation),  which  can  be 
obtained  with  two-phase  flow  simulation,  has  not  been  com¬ 
pared  between  simulation  and  experiment.  Considering  that  the 
decrease  of  cell  voltage  is  triggered  by  various  physical  phe¬ 
nomena,  the  precise  evaluation  of  two-phase  flow  simulation  of 
PEMFC  needs  a  direct  comparison  with  experiment  data,  such 
as  the  water  saturation  distribution. 

On  the  basis  of  these  backgrounds,  we  developed  a  method 
to  observe  the  flooding  in  GDL  implicitly.  The  water  saturation, 
which  corresponds  to  the  extent  of  flooding,  was  estimated  by  the 
differential  pressure  between  gas  inlet  and  outlet  of  interdigitated 
cell,  where  the  supplied  gas  is  enforced  to  flow  under  rib  [15]. 
This  point,  namely  estimating  the  water  saturation,  is  different 
from  the  previous  studies:  there  the  differential  pressure  through 
interdigitated  cell  was  also  measured,  but  the  water  saturation 
was  not  estimated  [16,17]. 

Assuming  that  gases  flow  in  GDL  as  Darcy  flow  and  that 
the  water  droplet  produced  in  GDL  merely  reduces  its  porosity, 
we  estimate  the  water  saturation  from  the  differential  pressure 
through  interdigitated  cell.  At  same  time  we  measure  the  ionic 


L=18mm  2mm 


Unit  Volume 


Fig.  1.  Schema  of  cross-section  of  interdigitated  cell  and  effective  porosity 
denoted  with  water  saturation  of  5. 


resistance  in  PEM.  By  using  both  the  water  saturation  and  the 
ionic  resistance,  we  discuss  if  flooding  in  GDL  and/or  drying 
in  PEM  cause  the  drop  of  cell  voltage  in  high-current  density 
region.  Moreover  we  discuss  the  cyclic  change  of  differential 
pressure  and  cell  voltage  under  a  supersaturated  condition. 

As  just  mentioned,  we  utilize  a  interdigitated  cell  for  the  esti¬ 
mation  of  water  saturation.  In  the  case  of  interdigitated  cell, 
the  representative  velocity  of  gas  in  GDL  is  relatively  fast.  This 
fast  velocity  generates  convection  effect,  which  works  as  driving 
force  to  transport  liquid  water  in  GDL.  Due  to  this  convection 
effect,  the  water  saturation  in  the  case  of  interdigitated  cell  is 
thought  to  be  smaller  than  that  in  the  case  of  normal  PEMFC 
where  only  capillary  effect  works  as  the  driving  force.  Thus  the 
magnitude  of  saturation  value  given  by  us  is  not  applicable  to 
normal  PEMFC  straightforwardly.  However  the  dependency  of 
the  water  saturation  on  operation  condition,  estimated  by  us,  is 
available  for  PEMFC  to  some  extent,  and  the  estimated  satu¬ 
ration  value  could  contribute  the  evaluation  of  two-phase  flow 
modeling. 

2.  Experimental  method 

The  differential  pressure  through  interdigitated  cell  is  mea¬ 
sured  during  electricity  generating.  When  a  water  droplet  forms 
in  GDL,  we  can  detect  this  event  by  the  change  of  GDL  per¬ 
meability  with  the  differential  pressure  measurement.  In  the 
followings  we  show  how  to  determine  the  permeability  of  GDL 
itself,  namely  the  permeability  in  the  case  that  water  droplets 
does  not  exist.  Then  we  show  how  to  estimate  water  saturation 
from  the  permeability  given  by  the  differential  pressure  when 
water  droplets  exist  in  GDL  during  electricity  generating. 

2.7.  Permeability  of  GDL  itself 

With  the  interdigitated  cell  as  shown  in  Fig.  1,  the  perme¬ 
ability  of  GDL  itself,  which  is  denoted  as  Kq,  was  measured. 
Differing  from  the  typical  interdigitated  cell,  the  cell  used  here 
has  simple  structure:  it  has  only  one  rib  under  which  gas  flows. 
This  simple  structure  cell  gives  precise  measurement  for  the  dif- 
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and  ^Qloth  =  5.45  x  10“ 12  m2  as  the  representative  value  of  the 
permeability  of  GDL  itself. 

In  addition  to  the  permeability  of  GDL  itself,  the  porosity 
and  the  pore  diameter  of  GDL  are  also  necessary  to  estimate  the 
water  saturation  in  GDL  from  differential  pressure.  The  porosity 
£cloth  and  £paper  were  assumed  to  be  0.4  and  0.8.  These  values 
were  obtained  from  Yoshizawa  et  al.  [18],  with  the  treatment 
that  we  compressed  the  carbon  cloth  by  half.  The  representative 
diameter  of  <7q1oPi  and  d^per  were  calculated  to  be  1.81  x  10_5m 
and  6.78  x  10-5  m,  which  were  derived  with  the  assumption 
that  the  GDL  has  sphere-packed  bed  structure  and  satisfies  the 
Blake-Kozeny  equation  [19]: 


(b)  in  case  of  cloth  type  GDL 

Fig.  2.  Characteristic  between  flow  rate  and  differential  pressure  through  GDL. 

ferential  pressure  caused  by  GDL,  without  considering  parasitic 
pressure  loss  such  as  enlargement  loss  at  flow  branch. 

Differential  pressure  gauge  was  positioned  at  the  inlet  and 
the  outlet  of  the  cell.  The  paper-type  or  cloth-type  GDL,  whose 
nominal  thickness  is  200  [xm  or  400  jx m,  was  placed  between 
separator  and  MEA  as  shown  in  the  figure.  As  for  the  test  gas  to 
measure  the  permeability  of  GDL  itself,  nitrogen,  hydrogen  and 
dry  air  were  chosen;  each  gas  was  supplied  into  the  cell  at  various 
flow  rates  with  mass  flow  controller.  The  cell  temperature  was 
maintained  at  30  °C  or  60  °C. 

Fig.  2  shows  the  relationship  between  flow  rate  of  Q  and  dif¬ 
ferential  pressure  of  A P  in  case  of  paper-  and  cloth-type  GDL.  In 
both  case,  the  A P  increased  in  proportion  to  the  Q.  The  perme¬ 
ability  of  <per  and  K$oth  can  be  given  with  this  proportional 
relation  and  Darcy  law  denoted  as 

AP=fvDL  (1) 

The  permeability  of  /^Qaper  and  ^Qloth  obtained  with  this  pro¬ 
cedure  is  summarized  in  Table  1.  Both  the  /^Qaper  and  /^Qloth 
fluctuated  within  3%  with  the  change  of  gas  species  and  cell 
temperature.  From  now  on,  we  choose  ^Qaper  =  2.71  x  10“ 11  m2 


Table  1 

GDL  permeability  estimated  from  differential  pressure  (unit:  10“ 11  m2) 


Type 

Cell  temperature 

Air 

n2 

h2 

Paper 

30  °C 

2.73 

2.79 

2.77 

60  °C 

2.71 

2.73 

2.80 

Cloth 

30  °C 

0.545 

0.548 

0.535 

Ko 


150(1  - 


(2) 


2.2.  Estimation  of  flooding  from  differential  pressure 
during  generating  electricity 

For  generating  electricity,  membrane  electrode  assembly 
(MEA)  was  inserted  in  this  measurement.  The  thickness  and 
the  electrode  area  of  MEA  are  30  [xm  and  10  cm2,  respectively. 
The  cell  was  operated  with  the  test  bench  shown  in  Fig.  3.  Hydro¬ 
gen  and  air  were  supplied  into  anode  and  cathode,  respectively. 
Before  supplying  gas  into  the  cell,  both  the  gases  were  humidi¬ 
fied  with  bubbler.  Current  loaded  to  the  cell  was  controlled  with 
electronic  load  device  (KIKUSUI,  PLZ152A). 

When  the  water  droplet  forms  in  GDL  during  cell  operation, 
a  portion  of  pores  in  GDL  is  occupied  with  liquid  water  denoted 
as  a  water  saturation  of  s,  and  the  effective  porosity  of  GDL 
becomes  e(  1  —  s)  as  shown  in  Fig.  1.  This  effective  porosity  can 
be  derived  from  the  permeability  measurement.  The  theoretical 
expression  of  the  effective  permeability,  where  pores  in  GDL 
is  occupied  with  liquid  water  to  some  extent,  is  obtained  by 


Fig.  3.  Test  bench  for  interdigitated  cell.  With  this  bench,  ac  impedance  was 
also  measured  in  addition  to  differential  pressure. 
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substituting  the  effective  porosity  into  Eq.  (2): 


K  = 


£3(1  —  s)3 


150{  1  —  £(1  —  s)\ 


2U0 


(3) 


This  effective  permeability,  denoted  as  K ,  becomes  the  perme¬ 
ability  of  GDL  itself  when  s  is  equal  to  0.  Substituting  Eq.  (3) 
into  Eq.  (1)  gives  the  relationship  between  differential  pressure 
A P  and  water  saturation  s: 


A  P  = 


150{1  —  e(l  —  s)}2 
e3(l  -  s)3dfi 


/xvdL 


(4) 


(a)  in  case  of  paper  type  GDL 


Thus  the  water  saturation  could  be  estimated  from  the 
differential  pressure.  To  derive  this  equation,  we  used  three 
assumptions:  (1)  the  Blake-Kozeny  equation  is  available,  (2) 
water  droplet  spreads  in  GDL  homogeneously  and  (3)  the  water 
droplet  merely  decreases  the  porosity  of  GDL.  Although  these 
assumptions  should  be  evaluated  quantitatively,  we  here  accept 
noting  that  the  reliable  equation  between  porosity  and  perme¬ 
ability  does  not  seem  to  be  established  for  GDL,  and  that  both 
2nd  and  3rd  assumption  can  be  accessible  if  current  density  is 
not  so  large. 

The  differential  pressure  through  cathode  GDL  was 
measured,  changing  cell  operation  condition  such  as  cell  tem¬ 
perature,  humidifier  temperature,  load  current  and  gas  flow  rate. 
Lor  specifying  the  representative  Darcy  flow  rate  vd  exactly,  load 
current  stopped  in  five  second  when  the  differential  pressure  data 
was  acquired.  The  viscosity  fi  in  Eq.  (4)  was  given  considering 
the  mixture  gas  species  in  cathode:  water  vapor,  nitrogen  and 
oxygen  gas. 

The  ionic  resistance  in  PEM  was  also  measured  with  ac 
impedance  meter  (Solatron,  1280Z).  The  meter  was  connected 
to  the  interdigitated  cell,  and  small  perturbation  of  ac  current 
or  voltage  with  a  frequency  was  superimposed  on  dc  load  cur¬ 
rent.  Then  the  complex  impedance  plot  with  changing  frequency 
determined  the  ionic  resistance  in  PEM. 


3.  Experimental  results  and  discussion 


In  the  Sections  3.1  and  3.2,  we  discuss  the  measurement  result 
of  cell  voltage  and  water  saturation  under  the  steady  condition.  In 
the  Section  3.3,  we  discuss  in  the  case  of  forced- supersaturating 
condition,  where  the  cell  voltage  and  differential  pressure  could 
not  be  maintained  to  be  constant. 

In  every  measurement,  the  flow  rate  of  supplied  gas  was  reg¬ 
ulated,  and  it  was  controlled  with  mass  flow  controller.  The  flow 
rate  is  indicated  as  hydrogen/oxygen  utilization  ratio  of  r\ h2  and 
0o2 .  The  gas  utilization  ratio  is  given  with 


Q  PSTD  1 

6000  ^Tstd  i mean  ^electrode /(niF) 


(5) 


The  mean  current  density  of  /mean  is  taken  as  1  A  cm-2  in  this 
study.  The  rn  is  2  and  4  to  hydrogen  and  oxygen  gas,  respectively. 
Other  symbols  are  shown  in  the  nomenclature. 
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Fig.  4.  Differential  pressure  and  IV  characteristic  for  interdigitated  cell. 


3.1.  Change  of  cell  voltage  and  water  saturation  with 
increasing  load  current 

Fig.  4  shows  the  IV  characteristic  and  the  differential  pressure 
under  the  condition:  cell  temperature  rcen  =  70  °C  anode  and 
cathode  humidification  temperature  7hum  =  60  °C  hydrogen  and 
oxygen  utilization  ratio  rj  =  40%  at  1  A  cm-2.  Fig.  5  shows  the 
water  saturation  estimated  from  Eq.  (4)  and  the  ionic  resistance 
in  PEM  obtained  by  ac  impedance  method.  In  case  of  paper-type 
GDL  the  cell  voltage  decreased  with  the  increase  of  load  current 
especially  when  the  load  current  was  over  0.5  A  cm-2.  The  dif¬ 
ferential  pressure  was  constant  at  about  21  kPa  in  the  low-current 
density  region,  and  increased  in  the  region  over  0.5  A  cm-2.  In 
case  of  cloth-type  GDL  the  cell  voltage  decreased  and  differen¬ 
tial  pressure  monotonically  increased  with  the  increase  of  load 
current. 

The  water  saturation  estimated  from  the  differential  pressure 
also  increased  and  reached  0.045  in  case  of  paper,  and  0.032 
in  case  of  cloth.  This  increase  of  water  saturation  is  thought  to 
be  caused  by  the  accumulation  of  produced  water.  On  the  other 
hand  the  ionic  resistance  showed  small  decline  with  the  increase 
of  load  current.  This  is  because  the  produced  water  wetted  PEM. 
Therefore  the  relatively  sudden  decrease  of  cell  voltage  appeared 
over  0.5  A  cm-2  in  case  of  paper-type  GDL  (Fig.  4(a))  is  con¬ 
sidered  to  be  caused  by  the  concentration  overvoltage  triggered 
by  the  flooding  in  GDL. 

The  above  discussion  mentioned  an  evidence  of  concentra¬ 
tion  overvoltage  even  though  the  water  saturation  reached  only 
0.045  as  shown  in  Fig.  5(a).  This  discussion  is  enforced  by  the 
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Fig.  5.  Water  saturation  estimated  and  ionic  resistance  in  PEM  measured  by  ac  Fig-  6.  Change  of  water  saturation  with  the  change  of  humidification  tempera- 
impedance  method.  tures  and  gas  utilization  ratio. 


following  consideration.  As  described  in  the  measurement  prin¬ 
ciple  in  the  section  of  2.2,  the  saturation  obtained  here  means 
the  value  averaged  to  whole  GDL.  Practically  the  water  satu¬ 
ration  distributes  in  GDL,  and  the  local  water  saturation  near 
catalyst  layer  is  larger  than  that  in  other  location  because  of  the 
water  generation  at  the  catalyst  layer.  This  large  saturation  at  the 
catalyst  layer  might  cause  the  concentration  overvoltage. 

In  general  the  drying-up  in  PEM  at  anode  side  also  reduce 
cell  voltage  under  high-current  density  operation.  However,  the 
concentration  overvoltage  caused  by  flooding  was  dominant  fac¬ 
tor  to  reduce  cell  voltage,  within  the  experimental  condition  that 
the  anode  gas  was  supplied  with  sufficient  humidification  and 
this  treatment  kept  PEM  wet. 

3.2.  Change  of  water  saturation  with  changing 
humidification  temperature  and  gas  utilization 

Fig.  6  shows  the  water  saturation  under  the  condition:  humid¬ 
ifier  was  controlled  at  70  °C  or  60  °C,  gas  utilization  ratio  was 
regulated  at  70%  or  40%,  cell  temperature  was  maintained  as 
70  °C.  In  any  case  the  water  saturation  increased  with  increasing 
load  current.  Under  the  same  utilization  ratio  the  water  satura¬ 
tion  increased  with  increasing  humidification  temperature.  It  is 
considered  that  the  higher  humidification  temperature  promoted 
the  condensation  in  GDL  coupling  to  the  water  production  by 
cell  reaction,  resulting  in  the  higher  water  saturation.  Under  the 
same  humidification  temperature,  the  water  saturation  increased 
with  increasing  the  utilization  ratio.  It  is  understood  that  higher 
utilization  ratio  (lower  flow  rate)  degraded  the  drainage  of  water 


droplet  in  GDL,  resulting  in  the  higher  water  saturation.  Accord¬ 
ing  to  physical  expectation,  the  water  saturation  changed  with 
the  change  of  cell  operation  condition.  As  shown  in  Fig.  6,  the 
water  saturation  was  not  equal  to  0  even  when  load  current 
stopped.  The  reason  why  the  water  saturation  was  not  equal  to  0 
might  be  caused  by  the  unwilling  supers aturation  circumstance 
introduced  by  low  accuracy  of  temperature  control. 

As  a  whole,  Fig.  6  shows  that  the  water  saturation  in  the  case 
of  carbon-cloth  GDL  is  rather  smaller  than  that  in  the  case  of 
carbon-paper  GDL.  To  discuss  the  reason,  we  show  the  general 
characteristic  of  the  water  transport  in  GDL  briefly.  The  liquid 
water  in  GDL  is  driven  by  convection  effect  and  by  capillary 
effect.  Considering  our  experimental  condition  that  interdigi- 
tated  cell  was  used  and  that  the  mass  flow  rate  of  gas  supply 
to  cell  was  regulated,  the  real  gas  velocity  in  GDL  is  fast,  and 
convection  effect  becomes  significant  when  the  porosity  and  the 
pore  diameter  are  small.  The  capillary  effect  depends  on  the 
hydrophobic  property  and  the  microscopic  geometry  in  GDL. 
With  these  considerations,  the  following  instinctive  explana¬ 
tion  is  possible.  The  carbon-cloth  GDL  has  smaller  porosity 
and  smaller  pore  diameter  as  described  in  Section  2.2,  and  it 
has  larger  convection  effect  under  a  regulated  mass  flow  rate 
condition,  leading  to  the  smaller  water  saturation.  We  leave  a 
discussion  with  involving  the  influence  of  the  capillary  effect, 
as  for  a  future  challenge. 

The  water  saturation  experimentally  estimated  by  our  study  is 
compared  to  that  obtained  with  numerical  simulation  study.  As 
shown  in  Fig.  6  the  maximum  value  estimated  by  us  is  about  0.12 
under  a  saturated  condition  with  the  load  current  of  0.8  A  cm-2. 
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Fig.  7.  Change  of  ionic  resistance  in  PEM  with  the  change  of  humidification 
temperatures  and  gas  utilization  ratio. 
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Fig.  8.  Time  evolutions  of  cell  voltage,  differential  pressure  and  ionic  resistance 
with  successive  increase  of  humidification  temperature. 


It  is  noted  that  the  permeability  used  here  is  approximately  from 
10-12  m2  to  10-11  m2.  Natarajan  and  Nguyen  [20]  numerically 
predicted  water  saturation  of  0.9,  which  is  larger  than  the  value 
obtained  by  us.  It  is  difficult  to  evaluate  this  discrepancy,  because 
the  cell  geometry  and  the  boundary  condition,  used  in  Natarajan 
and  Nguyen  simulation,  is  different  from  that  used  in  our  work. 
However,  much  smaller  permeability  of  10-14m2  applied  in 
their  study  is  a  possible  reason  for  this  discrepancy.  Pasaogullari 
and  Wang  [21]  and  Wang  et  al.  [22]  also  numerically  predicted 
water  saturation  of  0. 1-0.2,  which  is  approximately  same  as 
ours.  The  permeability  used  by  them  is  10-12  m2,  which  is  same 
digit  as  ours,  leading  to  the  comparable  water  saturation  between 
their  numerical  study  and  our  study. 

Fig.  7  shows  the  ionic  resistance  in  PEM.  In  the  case  of  paper, 
the  ionic  resistance  did  not  depend  on  load  current  under  the 
humidification  temperature  of  70  °C,  namely  under  the  saturated 
condition,  because  the  PEM  was  sufficiently  wet  without  the 
water  production  by  cell  reaction.  The  ionic  resistance  decreased 
with  increasing  load  current  under  the  humidification  tempera¬ 
ture  of  60  °C,  because  the  produced  water  contributed  to  wet 
the  PEM  in  this  condition.  Under  the  same  humidification  tem¬ 
perature,  the  lower  the  utilization  ratio  was,  the  larger  the  ionic 
resistance  was.  It  is  considered  that  the  low-utilization  ration  (the 
high-flow  rate)  promotes  the  drainage  of  water  in  GDL  resulting 
in  drying  PEM. 

In  the  case  of  cloth,  the  ionic  resistance  changed  as  same  as 
the  case  of  paper.  However  the  ionic  resistance  decreased  with 
increase  of  load  current  even  under  the  humidification  temper¬ 
ature  of  70  °C.  Thus  the  ionic  resistance  change  supports  the 


characteristic  that  the  drainage  performance  of  cloth-type  GDL 
is  superior  to  that  of  paper-type  GDL. 

3.3.  Cyclic  change  of  cell  voltage  and  differential  pressure 
unde rforced-supe rsa tu rating  condi tion 

Fig.  8  shows  cell  voltage,  differential  pressure  and  ionic 
resistance  when  the  humidification  temperature  is  controlled  as 
increasing  from  35°Cto70°C  successively.  In  this  experiment, 
the  other  parameter  of  cell  temperature,  load  current  and  uti¬ 
lization  was  kept  as  50  °C,  0.6  A  cm-2  and  42%,  respectively. 
Increasing  humidification  temperature,  the  cell  voltage  and  the 
differential  pressure  increased  accompanying  with  small  fluc¬ 
tuations.  On  the  other  hand  the  ionic  resistance  approximately 
constant. 

In  case  of  paper,  at  2700s  where  the  humidification  tem¬ 
perature  reached  70  °C,  the  cell  voltage  started  to  significantly 
fluctuate  in  about  100s  cycle,  roughly  synchronizing  with  the 
differential  pressure.  This  phenomenon  is  thought  to  be  caused 
by  the  following  mechanism;  water  droplet  in  GDL  was  period¬ 
ically  formed,  accumulated  and  flushed  when  the  pore  of  GDL 
filled  with  water;  these  successive  events  fluctuated  the  differen¬ 
tial  pressure;  they  also  fluctuated  the  concentration  overvoltage, 
resulting  in  the  cyclic  change  of  cell  voltage.  At  3400s  the  cell 
voltage  decreased  drastically,  and  electricity  generation  stopped. 
At  this  time  the  balance  between  the  production  and  the  removal 
of  water  might  be  broken,  and  gas  supply  might  be  blocked 
completely,  leading  to  stopping  the  electricity  generation. 
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In  the  case  of  cloth,  both  the  cell  voltage  and  the  differential 
pressure  did  not  oscillate  significantly  although  the  differen¬ 
tial  pressure  increased.  As  mentioned  in  the  previous  section, 
the  drainage  performance  of  cloth-type  GDL  seems  to  be  high 
comparing  with  paper- type  GDL. 

Thus,  the  differential  pressure  and  the  water  saturation  given 
by  interdigitated  cell  correlates  to  cell  voltage,  well  indicat¬ 
ing  how  the  flooding  in  GDL  degrades  the  cell  voltage.  So  the 
differential  pressure  can  be  one  of  the  proper  candidates  for 
monitoring  flooding  in  interdigitated  cell.  For  future  work,  we 
will  measure  the  differential  pressure  with  changing  the  opera¬ 
tion  condition  widely,  and  will  extract  the  optimized  operation 
condition  where  flooding  is  difficult  to  occur.  Moreover  we  will 
apply  the  simple  interdigitated  cell  used  in  this  study  to  evaluate 
the  reliability  of  two-phase  flow  PEMFC  numerical  simulation, 
because  the  simple  geometry  of  this  interdigitated  cell,  which 
can  be  characterized  as  two-dimensional  structure,  enables  the 
rigorous  comparison  between  experiment  and  simulation. 

4.  Summary 

We  operated  a  simple  interdigitated  cell  and  measured  the 
differential  pressure  between  inlet  and  outlet  of  the  cathode.  We 
estimated  water  saturation  in  paper  or  cloth-type  GDL,  obtaining 
the  following: 

(1)  In  the  case  of  paper- type  GDL,  the  change  of  slope  at  high- 
current  density  in  IV  characteristic  was  well  explained  in 
correlation  with  water  saturation  and  concentration  over¬ 
voltage. 

(2)  The  water  saturation  increased  with  the  increase  of  load 
current,  gas  utilization  ratio  and  humidification  temperature. 

(3)  When  the  humidification  temperature  was  controlled  as 
increasing  successively  to  the  supersaturated  state,  the  cell 
voltage  in  case  of  paper-type  GDL  fluctuated  largely  in 
about  100s  cycle,  synchronizing  with  the  differential  pres¬ 
sure. 

(4)  The  water  drainage  performance  of  cloth-type  GDL  is  rel¬ 
atively  high  comparing  with  that  of  paper-type  GDL  in  our 
condition. 

(5)  The  differential  pressure  in  interdigitated  cell  and  the  water 
saturation  estimated  from  it  are  available  for  monitoring  the 
flooding  in  GDL  and  for  verifying  the  reliability  of  PEMFC 
numerical  simulation. 
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